Pentacene thin-film transistor with high-κ ZrLaO gate dielectric has been fabricated for the first time. After treating the dielectric in a fluorine plasma, the carrier mobility of the transistor can be greatly improved to 0.717 cm 2 /V·s, which is more than 40 times that of one without plasma treatment. The major reasons should be larger pentacene grains and fewer traps in the device with gate dielectric passivated by the fluorine plasma. AFM confirms that relatively large and high pentacene islands form on the plasma-treated dielectrics in the initial growth stage, and the growth pattern obviously follows the Vollmer-Weber growth model. Furthermore, the surfaces of the dielectrics with different plasma treatment times are investigated by AFM, XPS and contact-angle measurement to reveal the mechanism / effects of the fluorine incorporation. Lastly, after exposure to atmosphere without encapsulation for 6 months, all the devices still display good transistor characteristics.
Introduction
Organic thin-film transistors (OTFTs) have attracted considerable research interest due to their commercial opportunities, such as flexible display, large-area sensor and radio-frequency identification tags [1] [2] [3] . The operation and performance of an OTFT are highly dependent on the interface between its gate dielectric and organic material. To improve the carrier mobility of the OTFT, much attention has been paid to interface modification, including self-assembled monolayer [4] , annealing [5] and plasma treatment. Among them, plasma treatment is efficient and convenient to improve the surface characteristics in surface engineering. Oxygen plasma [6, 7] , N 2 O plasma [8] and fluorine plasma [9] have been reported to modify the dielectric surface and good results were obtained. Moreover, fluorine-based plasma has long been investigated to provide valuable surface properties in organic and inorganic material fields [10] [11] [12] [13] [14] . Generally, the operating voltage of OTFTs based on SiO 2 gate dielectric is very high. Avoiding this drawback by reducing the thickness of the gate dielectric inevitably leads to large gate leakage current. Therefore, high-κ dielectric used as the insulator layer is a better alternative to lower the threshold voltage, and also thin the device to make it more flexible [15] .
In this study, high-κ ZrLaO is proposed as the gate dielectric for pentacene OTFT, and is treated in fluorine plasma for surface modification. With appropriate plasma treatment time, the OTFT can achieve high performance, e.g. high carrier mobility as well as small threshold voltage. Moreover, after 6-month exposure to atmosphere, the devices can still show good transistor characteristics.
Experimental details
Pentacene OTFTs were fabricated by employing the bottom-gate top-contact configuration. Heavily-doped silicon wafers (n-type, <100>, resistivity of 0.5 ~ 0.7 Ω·cm) were cleaned according to the standard RCA method and dipped in dilute HF acid (2%) to remove the native oxide. Next, ZrLaO insulator layer was sputtered at room temperature by radio-frequency sputterer (Denton Vacuum LLC Discovery 635). Then, the dielectric was annealed at 400 °C in NH 3 , at a flow rate of 1000 mL/min for 10 minutes. After that, the samples were divided into four groups, which were treated in a fluorine plasma, at a flow rate of 10 sccm for CHF 3 and 1 sccm for O 2 , for different durations of 0 s, 100 s, 300 s and 600 s. Then, 30-nm or 3-nm pentacene (p-type organic semiconductor, 99% purity, purchased from Sigma-Aldrich without purification) was evaporated on the dielectrics by an evaporator (Edwards Auto 306). The films were evaporated in high vacuum (5×10 -6 torr) on the dielectrics at a deposition rate of 1.2 nm/min, monitored by a quartz-crystal oscillator. Lastly, drain and source electrodes were deposited on the 30-nm pentacene films by gold evaporation through a shadow mask to form the OTFTs. The width and length of the channel on the shadow mask were 200 µm and 30 µm, respectively. On the other hand, the 3-nm (about 2 monolayers) pentacene films were used to study their growth mechanism in the initial stage.
The I-V characteristics of the transistors were measured by an HP 4145B semiconductor parameter analyzer. The measurements were repeated after the samples were stored in atmosphere without encapsulation for 6 months. Al/ZrLaO/heavily-doped Si structure was used to fabricate capacitors by lithography for measuring the dielectric capacitance, which was measured by an HP 4284A precision LCR meter. The thickness of the dielectric films was measured by a Wvase 32 ellipsometer. A Nanopics 2100 atomic force profilometer was employed to record the surface morphology of the dielectrics and the growth of the first few pentacene layers to reveal the mechanism / effects of the fluorine plasma treatment. All the measurements were conducted at room temperature, in air, and under environment shielded from light and electromagnetic wave.
3 Results and discussions
OTFT characterization
Typical output characteristics of the pentacene OTFTs plasma-treated for different times are shown in Fig. 1 . It indicates that these OTFTs have good field-effect properties and saturation behavior, even after 6 months. All the transistors can operate with a low supply voltage of less than 5 V. Among them, the OTFT with 600-s plasma treatment achieves the largest drive current of above 5 μA (fresh) and 2 μA (after 6 months), while the OTFT without plasma treatment has the smallest drive current of about 0.6 μA (fresh) and 0.2 μA (after 6 months).
The transfer characteristics of the devices are shown in Fig. 2 , from which the field-effect carrier mobility can be extracted by the MOSFET model (shown to be readily applicable to OTFTs by Horowitz [16] ). In the saturation regime:
where W is the channel width, L the channel length, C ox the insulator capacitance per unit area, I D the saturation current, V G the gate voltage and V T the threshold voltage. From equation (1), the field-effect carrier mobility can be calculated as
The sub-threshold swing is defined as
Assuming that both the density of deep bulk trap and density of (deep) interface trap are independent of energy, the sub-threshold swing can be written as [17] 
where N t is the density of deep bulk trap and the interface trap per unit area and unit energy, k the Boltzmann's constant, and T the temperature in Kelvin. Therefore, the trap density can be extracted from SS by using equation (4) . From the electrical characteristics, the key parameters of the devices can be extracted, and are summarized in Table 1 and 2. The carrier mobility increases with the plasma treatment time, and the highest carrier mobility is achieved for the 600-s plasma-treated sample, reaching a high value of 0.717 cm 2 /V·s, which is more than 40 times that for the sample without plasma treatment. The on/off current ratio also improves with increasing plasma treatment time. The threshold voltages of the devices are all very small because high-κ ZrLaO is employed as their gate dielectric. In addition, after exposing to atmosphere for 6 months, the OTFTs still show good electrical properties as shown in Fig. 1b, Fig. 2b and Table 2 , despite having lower carrier mobility due to degraded pentacene film caused by the moisture and oxygen in air. This should be attributed to the stable interface between pentacene and ZrLaO because the trap density of the devices hardly changes after 6 months. Lastly, many papers reported that hysteresis in the current-voltage characteristics can be caused by the traps in the pentacene and also in the dielectric, and thus widely exists in organic transistors. Since the fluorine plasma treatment can passivate the traps at the dielectric surface, it should be able to reduce the hysteresis.
Pentacene island characterization
The carrier mobility is a key parameter to characterize the OTFT, and generally is controlled by the grain size of the organic film [18, 19] , surface scattering caused by rough dielectric surface [20] and dangling bond [21] . Pentacene film growth on the dielectric in the initial stage is crucial to the carrier mobility of organic device because charge transport in the device is mainly confined to the first few monolayers of the organic film in close proximity to the gate dielectric [22] . In order to study the difference in the initial pentacene growth on the ZrLaO dielectrics, AFM images of 3-nm (about 2 monolayers) pentacene thin films are shown in Fig.3 . Even though only 3-nm (about 2 monolayers) pentacene was deposited, the height of the pentacene islands can reach about 10 nm for the samples with 0-s and 100-s plasma treatment; about 20 nm for the dielectrics with 300-s and 600-s plasma treatment. The surface morphology is analyzed by a grain analysis tool, and the grain parameters are listed in Table 3 . With quite high pentacene islands and the ratio of grain area far less than 100%, it is clear that the pentacene growth pattern is typically in 3-D clusters according to the Vollmer-Weber growth model [23, 24] . Also, the pentacene growth seems to form quite high pentacene islands on the dielectrics before one layer is fully formed. The pentacene islands become larger and higher for longer plasma treatment time up to 300 s. Beyond 300 s, it seems that the size of pentacene islands reaches a maximum and then slightly decreases with increasing plasma treatment time. The ratio of grain area also decreases a little.
Dielectric properties
With increasing fluorine-plasma treatment time, more fluorine is incorporated into the ZrLaO dielectric and thus fewer traps remain at the surface of the dielectric (see Table 1 and Table 4 ) due to the formation of bonding between fluorine atom and dangling bond. After a 600-s treatment, the atomic concentration of F in the dielectric can reach 20.3 %. In Fig. 4(a) , the La 3d spectrum of the untreated sample shows doublet distinct peaks located at 834.7eV (La 3d 5/2 ) and 851.7eV (La 3d 3/2 ), corresponding to La-O bonding in the La 2 O 3 film [25] . After the fluorine plasma treatment, the La 3d spectrum is obviously shifted to a higher binding energy by ~1.6 eV, indicating that F is bonded with La due to its strong electronegativity. Similar phenomenon also appears in the Zr 3d spectrum shown in Fig 4(b) , demonstrating the formation of stronger Zr-F bonding. Furthermore, the XPS spectrum of F 1s for the plasma-treated samples also confirms the formation of La-F (F 1s 684.5eV) and Zr-F (F 1s 685.1eV) bonds (from the NIST Database) as shown in Fig.5 (a)-(c) . Moreover, Fig.5 (d) shows the leakage behavior of ZrLaO dielectrics with different plasma treatment times. The leakage current decreases as the fluorine plasma treatment time increases due to trap passivation by the fluorine plasma.
The surface energies of the samples listed in Table 4 , are evaluated using a KRUSS DAS 30 goniometer by the method proposed by Owens and Wendt (Equation (5)) [26] based on measuring the contact angles of three liquids, water, diiodomethane and glycerol, at 20 ºC in static mode.: The size of pentacene island increases with the surface energy due to the fact that a surface with higher surface energy repels the nonpolar pentacene molecules, which can then attract each other more easily, thus resulting in larger pentacene islands [27] .
The surface roughness of the dielectric is considered to be one important parameter to decide the pentacene growth, and reduction in grain size and carrier mobility with increasing roughness were reported [20, 28] . However, in this work, the fluorine plasma treatment on the ZrLaO dielectric results in rougher surface, but the rougher surface does not lead to lower carrier mobility. In the first 300 s, both pentacene-island size and carrier mobility increase as illustrated in Fig.3 and listed in Table 1 , respectively. This implies that the fluorine plasma treatment leads to the increase of the pentacene-island size, which has a stronger effect on the carrier mobility than the roughness increase. The reason is that the fluorine plasma can passivate the dielectric surface to reduce its defects, which act as nucleation sites for pentacene growth. Fewer nucleation sites also result in larger pentacene-island [29] . After 300 s, it can be seen that the pentacene islands on the 300-s and 600-s plasma-treated dielectrics have nearly the same size. However, the latter has much higher carrier mobility than the former. The carrier scatterings caused by rough dielectric surface and traps on the dielectric should govern the carrier mobility when grain sizes are similar. The 600-s plasma-treated surface is a little smoother than the 300-s one as shown in Fig.6 . Moreover, the surface with 600-s plasma treatment is passivated for longer time, and thus has much less traps for scattering the carriers. This can be further supported by the smaller value of subthreshold slope (SS) and larger value of on/off current ratio of the corresponding OTFT in Table 1 because both parameters are highly related to the trap density at the dielectric/pentacene interface [30] . Therefore, the carrier mobility of the 600-s plasma-treated sample is much higher than that of its 300-s counterpart.
Finally, we can conclude that within the first 300 s of the plasma treatment, large pentacene islands caused by the fluorine plasma play a key role in carrier-mobility enhancement. However, beyond 300 s, the pentacene islands cannot grow larger, and thus the surface roughness and traps begin to govern the carrier transport.
Conclusion
We have investigated the effects of fluorine plasma treatment on pentacene thin-film transistor with ZrLaO proposed as gate dielectric. With plasma-treated dielectric, the properties of the OTFT, especially the carrier mobility, are greatly improved. The results suggest that fluorinated ZrLaO is a promising gate dielectric for high-performance pentacene TFTs. Moreover, the growth pattern of the pentacene film on the fluorinated ZrLaO is revealed to follow the Vollmer-Weber growth model. For the first 300 s of the plasma treatment, the passivated surface can result in larger pentacene islands and thus higher carrier mobility. Beyond 300 s, the size of the pentacene islands remains basically unchanged, and so surface roughness and traps play the key role in the conduction mechanism. 
